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Introduction {#sec001}
============

HIV infection in humans and SIV infection in rhesus macaques (RMs) is characterized by the establishment of high and persistent levels of immune activation and inflammation, which are strong and independent predictors of disease progression in the natural history of infection and co-morbidities/mortalities in individuals on antiretroviral therapy (ART). While the causes of this sustained immune activation during chronic HIV/SIV infections are complex and not completely understood, the severe depletion of intestinal CD4^+^ T-cells early after infection and the associated loss of mucosal barrier integrity are commonly regarded as two of the most critical contributors to persistent immune activation and disease progression \[[@ppat.1005412.ref001]--[@ppat.1005412.ref004]\].

CD4^+^ T-cells, the main targets of HIV and SIV infections, can be classified in subsets of Th1, Th2, Th17, Th22, follicular helper (Tfh), and regulatory T-cells (Treg) based on their phenotypes, cytokine production, transcriptional profiles and anatomic localization \[[@ppat.1005412.ref005],[@ppat.1005412.ref006]\]. Th17 cells are characterized by the expression of CCR6 and the transcription factor RORγt, as well as by the production of IL-17 \[[@ppat.1005412.ref007]--[@ppat.1005412.ref013]\]. Th22 cells are characterized by the expression of the chemokine receptors CCR4, CCR6, and CCR10, as well as the transcription factor aryl hydrocarbon receptor (AHR) \[[@ppat.1005412.ref014]--[@ppat.1005412.ref017]\]. The main cell targets of IL-22 are mucosal epithelial cells \[[@ppat.1005412.ref018]--[@ppat.1005412.ref020]\]. The *in vivo* effector functions of IL-17 and IL-22 are crucial to maintaining mucosal immunity against specific pathogens and include the recruitment of neutrophils to the sites of bacterial invasion, the enhancement of mucosal barrier repair and maintenance through stimulation of epithelial cell proliferation and tight junction protein production, as well as the induction of antimicrobial proteins, including beta-defensin \[[@ppat.1005412.ref018],[@ppat.1005412.ref019],[@ppat.1005412.ref021],[@ppat.1005412.ref022]\]. Indeed, IL-17 and/or IL-22 associated protection has been described for numerous infections, including *Citrobacter rodentium* \[[@ppat.1005412.ref023]\], *Klebsiella pneumonia* \[[@ppat.1005412.ref024]\], *Toxoplasma gondii* \[[@ppat.1005412.ref025]\], *Candida albicans* \[[@ppat.1005412.ref026]\], Bordetella pertussis \[[@ppat.1005412.ref027]\], Pneumocystis carinii \[[@ppat.1005412.ref028]\], among others.

Intestinal IL-17 and IL-22 producing cells are preferentially depleted in chronically HIV/SIV-infected subjects, with the severity of their depletion correlating with the extent of microbial translocation, chronic immune activation, and disease progression \[[@ppat.1005412.ref002],[@ppat.1005412.ref029]--[@ppat.1005412.ref036]\], as well as with effective CD4^+^ T-cell restoration in gut-associated lymphoid tissue of HIV-infected patients on ART \[[@ppat.1005412.ref037]\]. Further supporting their roles in disease progression, IL-17 and IL-22 producing CD4^+^ T-cells have been shown to be relatively preserved in the gastrointestinal tracts of chronically SIV-infected sooty mangabeys (SMs) and African green monkeys \[[@ppat.1005412.ref029],[@ppat.1005412.ref034],[@ppat.1005412.ref038],[@ppat.1005412.ref039]\], natural hosts of SIV infection that avoid microbial translocation, chronic immune activation and progression to AIDS, as well as in HIV controllers and long-term nonprogressors \[[@ppat.1005412.ref040]--[@ppat.1005412.ref042]\]. In addition, a recent study showed that the size of the Th17 cell compartment prior to infection limited viral replication in SIV-infected RMs \[[@ppat.1005412.ref043]\].

Although several studies have confirmed the loss of intestinal IL-17 producing CD4^+^ T-cells, the dynamics of IL-22 and IL-17/IL-22 producing T-cells during HIV and SIV infection have not been studied extensively. In addition, very little is known about how pathogenic HIV/SIV infection also impacts the functional ability of Th17 and Th22 cells to co-produce additional cytokines. This is an important issue, since the ability of individual T-cells to simultaneously perform multiple effector functions is critical for protective immune responses against pathogens \[[@ppat.1005412.ref022]\]. Recently it was shown in HIV infected individuals that intestinal Th17 cell function, which was assessed for coproduction of IFNγ, TNFα, and IL-22, independently predicted immune activation \[[@ppat.1005412.ref044]\]. In addition, there were two very recent studies connecting the initiation of early ART therapy to preserved Th17 function and reversed HIV-induced immune activation \[[@ppat.1005412.ref045],[@ppat.1005412.ref046]\]. Since the existing functional studies have been in solely HIV-infected humans, we investigated intestinal Th17 cell function in the context of SIV infection in RMs to potentially support and further these results. In this study, we used SIV-infected RMs to investigate the levels and functions of blood and tissue IL-17, IL-22, and IL-17/IL-22 producing CD4^+^ T-cells during progressive SIV infection, how these features are recovered during effective antiretroviral therapy and affected by structured ART interruption, as well as how they associate with immune activation and viral persistence.

Results {#sec002}
=======

Study design and assessment of IL-17 and IL-22 producing CD4^+^ T-cell polyfunctionality in RMs {#sec003}
-----------------------------------------------------------------------------------------------

We first aimed to determine the ability of blood and tissue-derived IL-17 and IL-22 producing CD4^+^ T-cells to co-produce multiple cytokines in RMs by using a five-cytokine flow cytometric panel that included IL-17, IL-22, IFN-γ, TNF-α, and IL-2. Co-production of these cytokines after PMA and Ionomycin stimulation was assessed through Boolean gating in live (dead cells were excluded based on live/dead staining) CD3^+^CD4^+^ T-cells producing IL-17, IL-22 or both cytokines (IL-17/IL-22; Th17/Th22) in blood, lymph node (LN) and colorectum. Since those cytokines are not produced by naïve CD4^+^ T-cells, our gating strategies correct for differences in proportions of naïve/memory CD4^+^ T-cells between PBMC, LN and MMC.

A representative staining for the different cytokines is shown in [Fig 1B](#ppat.1005412.g001){ref-type="fig"}. In determining functionality of these cells, we used two different methods of analysis. First, we used the SPICE program to plot the comprehensive cytokine expression profiles of each cell subset for each time point investigated. Secondly, we assigned each cell subset at each time point a "functional score", being the mean number of cytokines produced per individual cell. Through this functional score analysis, we could then effectively quantify cell subset function, as well as correlate this with the numerous virologic and immunologic parameters of SIV infection investigated in the study. Throughout this manuscript, the words "cytokine profile" refer to a result of the SPICE analysis, and "functional score" refers to the mean number of cytokines produced by an individual cell. The functional score analysis paired with the SPICE cytokine profile analysis allowed us to assess IL-17 and IL-22 producing CD4^+^ T-cell polyfunctionality longitudinally before SIV infection (with the exception of the lymph node), during its untreated early phase (day 58 p.i.), and at time points throughout ART treatment, as well as after interruption ([Fig 1A](#ppat.1005412.g001){ref-type="fig"}).

![Study timeline and representative cytokine panel staining.\
**(A)** Complete study timeline of longitudinal tissue collections, SIVmac239 i.v. infection (d.0 p.i.), ART treatment (d. 58 to d.256 p.i.), and off-ART time period. **(B)** Representative staining for IL-17, IL-22, IFNγ, TNFα, and IL-2 within intestinal CD4^+^ T-cells in a representative uninfected RM.](ppat.1005412.g001){#ppat.1005412.g001}

The function of IL-17 and IL-22 producing CD4^+^ T-cells is higher in colorectum than blood of SIV-uninfected RMs {#sec004}
-----------------------------------------------------------------------------------------------------------------

We first investigated if the function of IL-17 and IL-22 producing cells is different at the mucosal level as compared to blood in the 16 SIV-uninfected control RMs included in this first section of the study. As shown in [Fig 2](#ppat.1005412.g002){ref-type="fig"}, colorectal IL-17, IL-22, and IL-17/IL-22 producing CD4^+^ T-cell cytokine profiles were significantly different from their blood counterparts. Specifically, all three intestinal CD4^+^ T-cell subsets showed remarkably higher fractions of cells producing four and five cytokines ([Fig 2A](#ppat.1005412.g002){ref-type="fig"}; p\<0.0001 for all) and significantly higher functional scores (2.2 ± 0.07; 2.9 ± 0.04; 2.1 ± 0.03 for Th17, Th22, and Th17/Th22, respectively) than the cells in the blood (1.5 ± 0.06; 1.9 ± 0.04; 1.6 ± 0.05 for Th17, Th22, and Th17/Th22, respectively) of the same animals ([Fig 2B](#ppat.1005412.g002){ref-type="fig"}; p\<0.0001 for all).

![IL-17 producing cell function is higher in colorectum than blood in uninfected RMs.\
**(A)** Comparison between cytokine profiles of Th17, Th22, and Th17/Th22 cells in PBMC and RB in uninfected RMs (d. -20 p.i.). Cytokine profiles were generated for each cell population by SPICE program v. 5.33, and were calculated by Flowjo Boolean gating. **(B)** Functional scores were compared for all three subsets between PBMC and RB. Functional scores represent average number of cytokines produced per individual cell (see [Methods](#sec011){ref-type="sec"}). Averaged data are presented as means ± SEM.](ppat.1005412.g002){#ppat.1005412.g002}

Thus, consistent with their important roles in antimicrobial immunity and mucosal integrity \[[@ppat.1005412.ref022]\], IL-17 and IL-22 producing CD4^+^ T-cells acquire much higher polyfunctional profiles when present in the gastrointestinal tract.

SIV-infection severely reduces the frequencies and alters the function of intestinal IL-17 and IL-22 producing CD4^+^ T-cells in RMs {#sec005}
------------------------------------------------------------------------------------------------------------------------------------

We then investigated how SIV infection in RMs impacts the frequency and function of IL-17 and IL-22 producing CD4^+^ T-cells. To this aim, the frequencies ([Fig 3](#ppat.1005412.g003){ref-type="fig"}) and function ([Fig 4](#ppat.1005412.g004){ref-type="fig"}) of IL-17^+^, IL-22^+^ and IL-17^+^IL-22^+^ CD4^+^ T-cells were compared in the same 16 RMs before (day -20) and post (day 58) SIV infection (p.i.). At day 58 p.i., the means ± S.E were 694,901 ± 244,099 for viral load (copies viral RNA per ml of plasma) and 549 ± 60 for CD4 T cell counts (cells for mm^3^ of blood). In SIV-infected RMs the levels of intestinal IL-17, IL-22, and IL-17/IL-22 producing cells, expressed as fractions of total CD4^+^ T-cells, were all severely depleted by day 58 p.i. (p\<0.0001 for all three subsets) ([Fig 3B](#ppat.1005412.g003){ref-type="fig"}). Significant depletion was also observed in the blood (p = 0.0002 for IL-17^+^; p = 0.0048 for IL-22^+^; and p = 0.0182 for IL-17^+^IL-22^+^; [Fig 3A](#ppat.1005412.g003){ref-type="fig"}), although its extent was not as substantial as seen in the colorectum.

![Levels of Th17, Th22, and Th17/Th22 are more drastically depleted by SIV infection in RB than PBMC.\
Comparison of frequencies (measured as percentages of total CD4^+^ T-cell populations) of circulating **(A)** and colorectal **(B)** Th17 (red), Th22 (blue), and Th17/Th22 (green) cells before (d.-20 p.i.) and after (d. 58 p.i.) SIV infection. Averaged data are presented as means ± SEM.](ppat.1005412.g003){#ppat.1005412.g003}

![SIV infection severely ablates intestinal IL-17 and IL-22 producing cell function and levels.\
**(A)** Comparison between PBMC and RB Th17, Th22, and Th17/Th22 cell cytokine profiles at pre-infection (d.-20 p.i.) vs SIV infection (d. 58 p.i.). While all RB cytokine profiles significantly changed after SIV infection, the blood cytokine profiles remained unchanged. **(B)** No changes in functional score in PBMC after SIV infection. **(C)** In all three subsets, colorectal functional scores drastically decreased after SIV infection. Th17 cells marked as red, Th22 cells marked as blue, and Th17/Th22 cells marked as green. Averaged data are presented as means ± SEM.](ppat.1005412.g004){#ppat.1005412.g004}

We then sought to determine if SIV infection also impairs the function of IL-17, IL-22, and IL-17/IL-22 producing CD4^+^ T-cells. The cytokine profiles and functional scores of IL-17, IL-22 or IL-17/IL-22 producing CD4^+^ T-cells remained similar between pre and post SIV infection in blood ([Fig 4A and 4B](#ppat.1005412.g004){ref-type="fig"}), but were severely altered in the mucosa of SIV-infected animals ([Fig 4A and 4C](#ppat.1005412.g004){ref-type="fig"}). In particular, at day 58 p.i., we found a significant loss in the proportion of Th17 and Th22 cells co-producing four or five cytokines (p\<0.0001), with a concomitant expansion of cells able to produce only their signature cytokine (IL-17 or IL-22), or their signature cytokine plus a single additional cytokine (p\<0.0001). A similar loss of function was found in Th17/Th22 CD4^+^ T-cells (p\<0.0001). Consistently, the functional score fell from 2.2 ± 0.07 to 1.23 ± 0.12 for Th17 cells (p\<0.0001), from 2.86 ± 0.04 to 2.22 ± 0.12 for Th22 cells (p = 0.0002), and from 2.1 ± 0.03 to 1.53 ± 0.09 from Th17/Th22 cells (p = 0.0001), ([Fig 4C](#ppat.1005412.g004){ref-type="fig"}).

In summary, pathogenic SIV infection in RMs specifically impacts the critical intestinal Th17, Th22, and Th17/Th22 CD4^+^ T-cell compartments both quantitatively and qualitatively, with a severe numeric and functional loss of these cells.

ART does not fully restore Th17 cell frequencies and functions {#sec006}
--------------------------------------------------------------

We then sought to determine the efficacy of combined antiretroviral therapy (ART) to reconstitute intestinal Th17, Th22, and Th17/Th22 CD4^+^ T-cells. Specifically, number and function of IL-17, IL-22, and IL-17/IL-22 producing CD4^+^ T-cells were longitudinally determined in blood, LN and colorectal mucosa before ART (day 58 p.i.) and at four experimental points during ART (days 84, 135, 200, and 256 p.i., i.e., weeks 3, 10, 20, and 28 on ART), in eight of the original 16 SIV-infected RMs included in this study (RbT12, RGe12, RCb12, RJw12, RPu12, RKg11, RKd12 and RPy8). All eight treated animals showed undetectable (\< 60 copies/ml of plasma) levels of viral SIV-RNA starting from 20 weeks on ART (day 200 p.i.). While the lymph node IL-17 producing cells' function and cytokine profiles were unchanged throughout treatment ([S1 Fig](#ppat.1005412.s001){ref-type="supplementary-material"}), ART was very effective in improving the cytokine profile of the intestinal Th22 cell subset, specifically expanding the proportion of cells co-expressing 3 and 4 cytokines (p = 0.0005, [S2 Fig](#ppat.1005412.s002){ref-type="supplementary-material"}). In fact, the Th22 functional score significantly rose from 2.22 ± 0.12 at pre-ART to 2.85 ± 0.07 at the end of ART treatment (p = 0.0072), thus virtually matching the function level seen before infection (2.86 ± 0.04; p = 0.6769; [Fig 5B](#ppat.1005412.g005){ref-type="fig"}). Similar results were found for the intestinal Th17/Th22 cells, whose functional scores increased from 1.53 ± 0.09 at pre-ART to 2.08 ± 0.07 at the end of ART (p = 0.0034), matching pre-infection levels (2.08 ± 0.07 vs. 2.09 ± 0.03; p = 0.7321; [Fig 5C](#ppat.1005412.g005){ref-type="fig"}). In contrast, intestinal Th17 cells were not fully restored by ART. Indeed, although the Th17 cell functional score increased from 1.23 ± 0.12 cytokines at pre-ART to 1.64 ± 0.17 cytokines at the last experimental point on ART (p = 0.0151), it remained significantly lower when compared to that at pre-infection (2.20 ± 0.07 cytokines; p = 0.0193; [Fig 5A](#ppat.1005412.g005){ref-type="fig"}). We also quantified the levels of intestinal IL-17 and IL-22 producing cells, and here ART's reconstitution was minimal, with all three subsets' levels remaining significantly lower p\<0.001) than pre-infection levels ([Fig 5D](#ppat.1005412.g005){ref-type="fig"}). When cell function and subset levels were cumulatively combined, ART's inability (at least when limited to a 7 month duration as in this study) to fully restore the subsets' functional and numeric levels was clearly demonstrated ([Fig 5E](#ppat.1005412.g005){ref-type="fig"}), with cumulative scores at the last experimental point on ART still remarkably lower than those at pre-infection for intestinal Th17, Th22, and Th17/Th22 CD4^+^ T-cells (p\<0.001 for all three subsets).

![ART treatment is insufficient for full restoration of cell subset levels and function.\
**(A-C)** Longitudinal functional scores of Th17, Th22, and Th17/Th22 cells in RB at pre-infection (d. -20 p.i.), pre-ART (d. 58 p.i.), and throughout ART (d. 84 p.i. through d. 256 p.i.). Data are presented as box and whisker plots, with the median functional score plotted in between the 25% and 75% quartiles. Dotted line marks time of SIV infection and shaded gray box represents time of ART treatment. ART significantly increased all three subsets' functional scores, but did not bring Th17 cell function back to pre-infection level. **(D)** Levels of subsets (as percentages of total CD4^+^ T-cell populations) in RB during ART remain significantly lower than pre-infection. **(E)** Longitudinal cumulative subset scores, calculated by multiplying cell frequencies and functional scores, showed the inability of ART to fully restore the levels and function of Th17, Th22, and Th17/Th22 cells. Th17 cells marked as red, Th22 cells marked as blue, and Th17/Th22 cells marked as green. Averaged data are presented as means ± SEM.](ppat.1005412.g005){#ppat.1005412.g005}

Level and function of intestinal IL-17 and IL-22 producing CD4^+^ T-cells are rapidly and severely affected after structured ART interruption {#sec007}
---------------------------------------------------------------------------------------------------------------------------------------------

We then investigated how the function and levels of IL-17 and IL-22 producing cells were affected with the discontinuation of ART. At day 180 post structured ART interruption, the levels of all three subsets significantly decreased from those seen on ART (p = 0.0416 for Th17; p = 0.0313 for Th22; p = 0.0469 for Th17/Th22; [Fig 6A](#ppat.1005412.g006){ref-type="fig"}). Importantly, the Th17 cell cytokine profile changed from that observed late on-ART (p\<0.0001) and reverted back to the same profile found at pre-ART (p = 0.6600; [S2 Fig](#ppat.1005412.s002){ref-type="supplementary-material"}). Functional score analysis confirmed the drastic fall in Th17 cell function after ART discontinuation, with functional score dropping from 1.67 ± 0.17 to 1.24 ± 0.18 cytokines per cell (p = 0.0391; [Fig 6B](#ppat.1005412.g006){ref-type="fig"}), and reverting back to pre-ART levels (p = 0.2500; [Fig 6B](#ppat.1005412.g006){ref-type="fig"}). A similar functional decrease after ART interruption was also observed in the Th17/Th22 cells, whose functional score decreased from 2.08 ± 0.03 (on ART) to 1.79 ± 0.12 (at d180 post ART interruption) (p = 0.0257; [Fig 6D](#ppat.1005412.g006){ref-type="fig"}). Interestingly, although the cytokine profile changed from on-ART levels, with a reduced fraction of Th22 cells co-producing three cytokines (p\<0.0001), the overall functional score for Th22 cells after ART interruption remained unchanged from ART levels (p = 0.2167; [Fig 6C](#ppat.1005412.g006){ref-type="fig"}). In blood, no significant changes were seen in the cytokine profiles or function after ART discontinuation ([S3 Fig](#ppat.1005412.s003){ref-type="supplementary-material"}).

![ART interruption severely decreases IL-17 and IL-22 producing cell function and levels.\
**(A)** Levels of RB Th17 (red), Th22 (blue), and Th17/Th22 (green) cells, measured as percentages of total CD4^+^ T-cell population, significantly decreased following ART interruption (180 days off-ART). Averaged data are presented as means ± SEM. **(B-D**) Longitudinal functional scores of Th17, Th22, and Th17/Th22 cells in RB at pre-infection (d. -20 p.i.), pre-ART (d. 58 p.i.), on-ART treatment (d. 256 p.i.), and after ART interruption (180 days off-ART). ART interruption significantly decreases Th17 and Th17/Th22 cell functional scores from late-ART levels. Dotted line marks time of SIV infection and shaded gray box represents time of ART treatment. Averaged data are presented as box and whisker plots, with the median functional score in between the 25% and 75% quartiles.](ppat.1005412.g006){#ppat.1005412.g006}

In summary, and despite its inability for full restoration, ART is necessary for at least maintenance of colorectal Th17, Th22, and Th17/Th22 cell function and levels, as evidenced by the rapid general regression of both upon ART interruption.

Loss of function of intestinal Th17 and Th22 cells is associated with immune activation and CD4^+^ T-cell loss in SIV-infected RMs {#sec008}
----------------------------------------------------------------------------------------------------------------------------------

We next determined if the functional impairment (quantified and represented by the functional scores) of the intestinal Th17, Th22 and Th17/Th22 cells associated with the main virologic and immunologic markers of disease progression. We found a negative correlation between Th17/Th22 T-cell function and viral loads at d58 p.i. (p = 0.0349; r = -0.5353; [Fig 7A](#ppat.1005412.g007){ref-type="fig"}). This same pattern was observed at the intermediate on-ART time point of day 135, in which Th17 (p = 0.0247, r = -0.7722; [Fig 7B](#ppat.1005412.g007){ref-type="fig"}), Th22 (p = 0.0195, r = -0.7907; [S4 Fig](#ppat.1005412.s004){ref-type="supplementary-material"}), and Th17/Th22 T-cells (p = 0.0063, r = -0.8592; [S4 Fig](#ppat.1005412.s004){ref-type="supplementary-material"}) increased their functional scores while the viral loads decreased, thus suggesting a link between intestinal CD4^+^ T-cell functionality and viral replication. Moreover, absolute CD4^+^ T-cell counts positively correlated with intestinal Th22 cell functional score (p = 0.0146, r = 0.5970) ([Fig 7C](#ppat.1005412.g007){ref-type="fig"}). To further explore the association between reduced IL-17 producing CD4^+^ T-cell function and disease progression, we also examined levels of colorectal CD4^+^ T-cell proliferation (as measured by Ki-67 expression) and immune activation (as measured by the co-expression of HLA-DR and CD38). At day 58 p.i. (pre-ART), we found a negative correlation between intestinal Th17 cell functional scores and the fraction of HLA-DR^+^CD38^+^ CD4^+^ T-cell levels (p = 0.0305, r = -0.5408, [Fig 7D](#ppat.1005412.g007){ref-type="fig"}). Similarly, at day 135 p.i., a negative correlation was also seen between Th17/Th22 cell functional scores and the levels of CD4^+^ T-cells co-expressing HLA-DR and CD38 (p = 0.0417, r = -0.7254; [Fig 7E](#ppat.1005412.g007){ref-type="fig"}). Furthermore, the intestinal Th17 (p = 0.0212, r = -0.7843; [Fig 7F](#ppat.1005412.g007){ref-type="fig"}), Th22 (p = 0.0285, r = -0.7605; [S5 Fig](#ppat.1005412.s005){ref-type="supplementary-material"}), and Th17/Th22 (p = 0.0353, r = -0.7413; [S5 Fig](#ppat.1005412.s005){ref-type="supplementary-material"}) cell functional scores negatively correlated with the levels of proliferation during ART (day 135 p.i.). We also expanded the analyses to IL-17^+^IFN-γ^+^ CD4^+^ T-cells, as the emergence of this population with a mixed Th17/Th1 phenotype has been proposed to be triggered in pro-inflammatory conditions \[[@ppat.1005412.ref047]--[@ppat.1005412.ref049]\]. The frequencies (within the total CD4^+^ T-cell population) of intestinal IL-17^+^IFN-γ^+^ cells significantly decreased upon SIV infection (day 58 p.i.) as compared to pre-infection (day -20 p.i: 3.303 ± 0.3027; day 58 p.i: 1.088 ± 0.3906; mean ± S.E; p = 0.0017), and were significantly increased with ART treatment (day 256 p.i; 1.979 ± 0.7622; mean ± S.E) as compared to day 58 p.i. (p = 0.0156; [S6 Fig](#ppat.1005412.s006){ref-type="supplementary-material"}). Interestingly, while the frequencies of RB IFN-γ^+^ cells associated with levels of RB CD4^+^ DR^+^38^+^ T-cells at the majority of measured time points, including before, throughout, and after ART treatment, IL-17^+^IFN-γ^+^ CD4^+^ T-cells only correlated with levels of RB CD4^+^ DR^+^38^+^ T-cells at day 58 p.i., and never associated with levels of CD8^+^ immune activation or with measures of CD4 and CD8 T-cell proliferation.

![Loss of Th17, Th22, and Th17/Th22 cell function correlates with colorectal immune activation, soluble markers of inflammation, and levels of CD4^+^ T-cells.\
Correlations between Th17, Th22, and Th17/Th22 cell function and plasma viral loads (copies viral RNA per mL of plasma) **(A,B)**, absolute number of CD4^+^ T-cells **(C)**, levels of activated colorectal (HLA-DR^+^CD38^+^) CD4^+^ T-cells **(D,E)**, the level of proliferating (Ki-67^+^) RB CD4^+^ T-cells **(F)**, as well as soluble markers of inflammation sCD14 and sCD163 **(G, H)**. Pearson product-moment correlation coefficients were measured for all plots except for 7A, which required Spearman's rank correlation coefficient.](ppat.1005412.g007){#ppat.1005412.g007}

Next, we longitudinally examined several soluble markers of immune activation, such as IP-10, sCD14, lipopolysaccharides (LPS), lipopolysaccharide binding protein (LBP), and sCD163, in order to monitor the inflammation status at pre and post-ART initiation. Levels of sCD14, which has been shown to be elevated and to predict mortality in HIV-infected individuals \[[@ppat.1005412.ref050]\], significantly correlated with the functional score fold change between day 256 p.i. and day 58 p.i. in Th22 cells (p = 0.0349, r = -0.7424; [Fig 7G](#ppat.1005412.g007){ref-type="fig"}) and strongly trended in the Th17/Th22 (p = 0.0679, r = -0.6721) population. In addition, furthering the theory that impaired intestinal IL-17 producing CD4^+^ T-cell functionality is mechanistically linked to immune activation and disease progression, higher functional scores of Th17 cells (p = 0.0465, r = -0.7144; [S7 Fig](#ppat.1005412.s007){ref-type="supplementary-material"}) and Th17/Th22 T-cells (p = 0.0228, r = -0.7786; [Fig 7H](#ppat.1005412.g007){ref-type="fig"}) during late-ART treatment negatively correlated with levels of sCD163, whose expansion has been linked to faster AIDS progression and residual inflammation \[[@ppat.1005412.ref051],[@ppat.1005412.ref052]\]. We saw similar patterns with IP-10 levels at day 200 p.i., which negatively trended with both Th22 and Th17/Th22 T-cell functional scores, lending further evidence to an association between restored mucosal homeostasis and reduced levels of inflammation. Of note, there were no correlations between intestinal T-cell function and plasma levels of LPS and LBP. Additionally, the same was found with colorectal expression of myeloperoxidase (MPO), a proinflammatory, neutrophil-associated enzyme whose levels are elevated in HIV-infected individuals. Finally, and despite these mucosal associations, intestinal Th17, Th22, and Th17/Th22 T-cell functional scores did not associate with immune activation or disease progression parameters in blood or LN.

Taken together, these results further indicate the critical importance of intestinal IL-17 and IL-22 producing CD4^+^ T-cell function in the pathogenesis of SIV infection, particularly in the gut mucosa.

IL-17 producing T-cell function and fraction loss correlates with and predicts SIV persistence {#sec009}
----------------------------------------------------------------------------------------------

We then investigated whether, by impacting residual activation and inflammation, the Th17, Th22, and Th17/Th22 cell number and function loss associates with SIV persistence on ART. To address this question, we measured at various experimental points the amount of total SIV-DNA in the colorectum and in CD4^+^ T-cells purified from blood. At the last on-ART time point (day 256 p.i.), increasing Th17 (p = 0.0014, r = -0.9167) and Th22 cell (p = 0.0115, r = -0.8259) function, as well as Th22 cell levels (p = 0.0264, r = -0.7669), strongly correlated with lower levels of SIV-DNA in the colorectum (copies per 10^8^ cells equivalent) ([Fig 8A--8C](#ppat.1005412.g008){ref-type="fig"}). Of note, these associations between Th17 and Th22 cells and SIV-DNA content were independent from and even stronger after controlling for plasma viremia pre-ART ([S1 Table](#ppat.1005412.s009){ref-type="supplementary-material"}). Additionally, this mucosal SIV-DNA content at the latest time point on ART correlated with the fractions of Th17 (p = 0.0165, r = -0.8025) and Th22 (p = 0.0154, r = -0.8333) cells at pre-ART, thus suggesting that IL-17 and IL-22 producing T-cell numbers before treatment can also predict the level of intestinal cell-associated SIV-DNA that will persist during ART ([Fig 8D and 8E](#ppat.1005412.g008){ref-type="fig"}).

![Loss of Th17, Th22, and Th17/Th22 cell function and levels are correlates and predictors of SIV persistence.\
Correlations between colorectal SIV-DNA content at late-ART (d. 256 p.i.) and IL-17 and IL-22 producing cell function and levels at both ART (**A-C**) and pre-ART infection (d. 58 p.i). **(D,E)**. Levels and function of the three subsets at pre-ART and after ART interruption additionally correlated with levels of blood DNA levels after ART interruption (d. 440 p.i.) **(F-I)**. Pearson product-moment correlation coefficients were measured for all plots except for 8E, which required Spearman's rank correlation coefficient.](ppat.1005412.g008){#ppat.1005412.g008}

The suggested link between loss of IL-17 and IL-22 producing T-cell function and levels and SIV persistence is furthered by SIV-DNA data from after ART-interruption. Six months after ART had been interrupted (day 440 p.i.), the fraction of Th17 cells (p = 0.0106, r = -0.8312) and Th22 cell function (p = 0.0318, r = -0.7509) both correlated with blood SIV-DNA content (copies per 10^6^ CD4^+^ T-cells) ([Fig 8F and 8G](#ppat.1005412.g008){ref-type="fig"}). Further, blood SIV-DNA content at six months after ART interruption correlated with Th17 cell levels (p = 0.0006, r = -0.9365) and Th17/Th22 cell function (p = 0.0058, r = -.08632) before ART initiation (day 58 p.i.) ([Fig 8H and 8I](#ppat.1005412.g008){ref-type="fig"}). Longitudinal values for plasma viremia and blood CD4^+^ T-cells SIV-DNA contents are shown in [S8 Fig](#ppat.1005412.s008){ref-type="supplementary-material"} for the eight animals that underwent ART interruption.

Collectively, these results indicate that animals with higher function and numbers of IL-17, IL-22, and IL-17/IL-22 producing cells before and during ART treatment exhibit lower SIV-DNA content throughout and after ART treatment, thus suggesting Th17, Th22, and Th17/Th22 cell numbers and function as critical regulators of SIV persistence.

Discussion {#sec010}
==========

A severe loss of intestinal CD4^+^ T cells \[[@ppat.1005412.ref001]--[@ppat.1005412.ref004]\], which preferentially involves CD4^+^ T-cell subsets with anti-microbial properties such as Th17 and Th22 cells \[[@ppat.1005412.ref029],[@ppat.1005412.ref030],[@ppat.1005412.ref032]--[@ppat.1005412.ref034],[@ppat.1005412.ref053]\], has been proposed as one of the most critical factors contributing to the breakdown of mucosal epithelial integrity during chronic HIV and SIV infections. This loss of mucosal integrity is considered a key contributor to the establishment and persistence of high levels of chronic immune activation in HIV infection \[[@ppat.1005412.ref034],[@ppat.1005412.ref036],[@ppat.1005412.ref054]\]. While several studies have convincingly shown a preferential loss of intestinal IL-17 and IL-22 producing CD4^+^ T-cells in HIV and SIV infection, it is unclear how exactly the functions of these cells are perturbed during infection. Furthermore, the extent to which the number and function of IL-17 and IL-22 producing CD4^+^ T-cells are recovered during highly effective ART therapy is still unclear. The only limited insight to these important questions comes from a few HIV studies that documented the loss of IL-17 producing cell function during progressive infection and the challenge in reversing this defect, with Th17 cell function fully recovered only after extremely long-term ART, particularly that which was started very early after infection \[[@ppat.1005412.ref045],[@ppat.1005412.ref046]\].

To provide better insights on these important questions, we used the HIV model of SIV infection in RMs to extensively investigate the effects of SIV infection, ART treatment, as well as ART interruption on the number and functional ability of IL-17 and IL-22 producing CD4^+^ T-cells to simultaneously produce multiple effector cytokines such as IL-17, IL-22, TNFα, IFNγ, and IL-2. While several recent cross-sectional studies have linked decreased Th17 cell function to HIV infection and increased immune activation, none have attempted to follow changing functional dynamics longitudinally. A key advantage of our study was the possibility to follow the same animals longitudinally throughout pre and post SIV infection, ART treatment, as well as after ART interruption, which is virtually impossible in human studies due to ethical, demographic, and time constraints. Another strength in our investigation was that Th22 and Th17/Th22 cell function were also simultaneously examined, as several recent studies have indicated that Th17 cells are not the only subset of CD4^+^ T-cells preferentially lost from the intestines of HIV and SIV infected individuals. In addition, this quantification of IL-17 and IL-22 producing CD4^+^ T-cell levels and function was simultaneously investigated in blood, colorectum, as well as in the lymph nodes. This provided us with the unique opportunity to investigate the extent of association between numerous immunologic and virologic correlates of disease progression, as well as SIV persistence and total DNA content, and IL-17 producing cell function. To the best of our knowledge, these longitudinal, in-depth studies on the number and functional abilities of IL-17 and IL-22 producing CD4^+^ T-cells have never been performed in HIV-infected humans or SIV-infected RMs.

We found that intestinal, but not blood or lymph node, IL-17, IL-22, and IL-17/IL-22 producing CD4^+^ T-cells are polyfunctional in SIV-uninfected RMs, with the large majority of the cell types co-producing four or five cytokines. However, SIV infection induced a numeric loss and a severe dysfunction of these intestinal CD4^+^ T-cells and caused the average numbers of cytokines produced per each cell to drastically drop, while leaving blood and lymph node cytokine expression profiles unchanged, thus supporting the critical importance of intestinal IL-17 and IL-22 producing CD4^+^ T-cells in maintaining mucosal homeostasis during HIV and SIV infection.

We examined how ART treatment at different time points and after its interruption affected cell cytokine expression dynamics and functional levels. Our results give strong evidence that ART partially restores and maintains colorectal Th17, Th22, and Th17/Th22 CD4^+^ T-cell polyfunctionality, especially evidenced by severe decreases in level and function observed when ART was interrupted. However, it is clear that ART alone, at least when used for 7 months as in our study, is not sufficient to bring cell function and numbers back to pre-infection levels, as all examined subsets by the end of ART showed significantly reduced cumulative levels; this was particularly noticeable in the case of the Th17 cells.

Importantly, we also found that the loss of intestinal IL-17 and IL-22 producing CD4^+^ T-cell function associated with the extent of chronic immune activation, pre-ART viral loads, as well as lower CD4^+^ T-cell counts before and during ART treatment. Furthermore, levels of gut T-cell activation and proliferation were associated with loss of function from all three (IL-17, IL-22, and IL-17/IL-22 producing) intestinal cell subsets. In addition, cell function negatively correlated with levels of sCD163 and sCD14, two soluble markers of inflammation, whose levels have been shown to increase during HIV and SIV infection and are linked to microbial translocation, macrophage activation, disease progression, and mortality in ART-treated HIV-infected individuals \[[@ppat.1005412.ref050]--[@ppat.1005412.ref052]\]. Remarkably, this loss of function and cell frequency also consistently correlated with higher SIV-DNA content in the colorectum and blood throughout and after ART, thus suggesting IL-17 and IL-22 producing CD4^+^ T-cell numbers and function as regulators and potential predictors of SIV persistence.

While the design of our study has allowed for novel findings and a longitudinal investigation into the nature of IL-17 and IL-22 producing cell frequency and function in the context of SIV infection, there exist several confining factors. Our study utilized a 7 month ART duration, largely dictated by the practicality of using a nonhuman primate model. Based on our data, we cannot exclude that a more prolonged therapy and/or earlier initiation would have resulted in a more significant restoration of Th17 cell number and function. A recent study in HIV-infected humans showed Th17 cell function, after having been drastically ablated after infection, was eventually fully restored to pre-infection levels, but only after very prolonged ART (median of 13 years) \[[@ppat.1005412.ref044]\]. Additionally, two other studies showed that intestinal Th17 cell function was preserved when ART was initiated very early during acute infection \[[@ppat.1005412.ref045],[@ppat.1005412.ref046]\]. In addition, since our analyses during the natural history of SIV-infection were performed in the early chronic phase of infection (day 58 p.i.), we cannot determine how the function of IL-17 and IL-22 producing CD4^+^ T-cells are affected in the early acute infection. Further studies focusing on the first days after SIV infection are needed to address this important point.

In conclusion, we demonstrated that the polyfunctionality specific to intestinal IL-17 and IL-22 producing CD4^+^ T-cells is severely compromised upon SIV infection. ART does not fully restore the function and levels in these mucosal Th17, Th22, and Th17/Th22 T-cells, yet is necessary for at least partial functional maintenance, as evidenced by the ablative effects of ART interruption. Importantly, this loss of IL-17 and IL-22 producing cell function and frequency associates with and predicts immune activation and disease progression in RMs, as well as SIV persistence in colorectum and blood. As such, our data suggests that therapies able to preserve and/or regenerate the functions of these intestinal CD4^+^ T-cells subsets central for mucosal immunity should be included in the therapeutic regimen necessary for achieving HIV remission.

Materials and Methods {#sec011}
=====================

Ethics statement {#sec012}
----------------

All animal experimentations were conducted following guidelines established by the Animal Welfare Act and the NIH for housing and care of laboratory animals and performed in accordance with Institutional regulations after review and approval by the Institutional Animal Care and Usage Committees (IACUC; protocol \#2001973) at the Yerkes National Primate Research Center (YNPRC). Appropriate procedures were performed to ensure that potential distress, pain, discomfort and/or injury was limited to that unavoidable in the conduct of the research plan. All the blood and tissue collections were obtained from RMs housed at the Yerkes National Primate Research Center, which is accredited by American Association of Accreditation of Laboratory Animal Care. The sedative Ketamine (10 mg/kg) and/or Telazol (4 mg/kg) were applied as necessary for blood and tissue collections and analgesics were used when determined appropriate by veterinary medical staff. RMs were fed standard monkey chow (Jumbo Monkey Diet 5037, Purina Mills, St Louis, MO) twice daily. Consumption is monitored and adjustments are made as necessary depending on sex, age, and weight so that animals get enough food with minimum waste. SIV-infected RMs are singly caged but have visual, auditory, and olfactory contact with at least one social partner, permitting the expression of non-contact social behavior. The YNPRC enrichment plan employs several general categories of enrichment. Animals have access to more than one category of enrichment. IACUC proposals include a written scientific justification for any exclusions from some or all parts of the plan. Research-related exemptions are reviewed no less than annually. Clinically justified exemptions are reviewed more frequently by the attending veterinarian.

Animals, SIV-infection, and ART regimen {#sec013}
---------------------------------------

Sixteen RMs, all housed at the Yerkes National Primate Research Center, Atlanta, GA, were included in the study. All animals were *Mamu*-B\*08 and B\*17 negative, while eight of them were *Mamu*-A\*01 positive (RLm12, RBt12, RJp11, RCb12, RVt10, RKg11, ROc10 and RPy8). The 16 RM were in average 9.1 ± 0.6 years old and weighed 7 ± 0.28 kg. All 16 animals were infected intravenously (i.v.) with 300 TCID~50~ SIVmac~239~ (day 0). Starting at day 58 p.i., all animals were treated with a five-drug ART regimen comprising of two reverse transcriptase (RT) inhibitors (PMPA 20 mg/Kg and FTC 30 mg/Kg), one integrase inhibitor (raltegravir 100 mg/bid), and one protease inhibitor (darunavir 375 mg/bid with ritonavir 50 mg/bid as a boosting supplementation) for seven months. Animal ROc10 was euthanized at d140 p.i. due to post-surgery (lymph node biopsy) related complications. At day 270 p.i., ART was interrupted and all animals were monitored for an additional eight months. Peripheral blood (PB), colorectal mucosa (RB) and lymph node (LN) biopsies were collected at numerous experimental points throughout all the study ([Fig 1a](#ppat.1005412.g001){ref-type="fig"}).

Sample collection and processing {#sec014}
--------------------------------

Collections and processing of PB, RB, and LN were performed as previously described \[[@ppat.1005412.ref029]--[@ppat.1005412.ref031],[@ppat.1005412.ref055],[@ppat.1005412.ref056]\]. All samples were processed, fixed (1% paraformaldehyde), and analyzed within 24 hours of collection.

Flow cytometric analysis {#sec015}
------------------------

Fourteen-parameter flow cytometric analysis was performed on PB-, LN- and RB-derived cells. Predetermined optimal concentrations were used of the following antibodies: anti-CD3-APC-Cy7 (clone SP34-2), anti-Ki-67-Alexa700 (clone B56), anti-IFN-γ-PE-Cy7 (clone B27), anti-CD8-PE-CF-594 (clone RPA-T8), anti-TNFα-Alexa700 (clone MAb11), (all from BD Pharmingen); anti-IL-17-Alexa Fluor488 (clone eBio64DEC17), anti-IL-22-APC (clone IL22JOP) (all from eBioscience); anti-CD4-BV421 (clone OKT4), anti-IL-2-BV605 (clone MQ1-17H12), (all from Biolegend); anti-CD8-Qdot705 (clone 3B5) and Aqua Live/Dead amine dye-AmCyan (all from Invitrogen). Flow cytometric acquisition was performed on at least 100,000 CD3^+^ T cells on an LSRII cytometer driven by the FACS DiVa software. Analysis of the acquired data was performed using FlowJo software (TreeStar).

Intracellular cytokine staining {#sec016}
-------------------------------

Levels of Th17 and Th22 cells were determined as the percentage of CD4^+^ T-cells that produce IL-17 and IL-22 following *in vitro* stimulation with PMA & Ionomycin \[[@ppat.1005412.ref031]\]. PBMC, LN and RB derived cells, isolated as described above, were resuspended to 3 × 10^6^ cells/ml in complete RPMI 1640 medium. Cells were then incubated for 4 h at 37°C in medium containing PMA, A23187, and Golgi Stop. Following incubation, the cells were washed and stained with surface markers for 30 minutes in the dark at room temperature followed by fixation and permeabilization. After permeabilization, cells were washed and stained intracellularly with the antibodies for the cytokines of interest for 1 hour in the dark at room temperature. Following staining, cells were washed, fixed in PBS containing 1% paraformaldehyde, and acquired on an LSRII cytometer.

Plasma viral load {#sec017}
-----------------

Plasma SIV viral loads were determined by standard quantitative RT-PCR as previously described (limit of detection 60 copies/ml) \[[@ppat.1005412.ref057]\].

SIV-DNA quantification in blood CD4^+^ T-cells and colorectum {#sec018}
-------------------------------------------------------------

Quantitative assessment of cell-associated total SIV-DNA within circulating CD4+ T-cells at days 58 p.i., 105 and 256 on-ART, and day 180 off-ART was performed using a modified version of a recently published quantitative nested PCR assay for cell-associated total HIV-DNA \[[@ppat.1005412.ref058]\]. In a first round of PCR, total SIV DNA was amplified with two primers that anneal within conserved region of the LTR 5' (SIV-LF1) and at the junction with Gag gene (SIV-R1). The forward primer SIV-LF1 is extended with a lambda phage-specific heel sequence at 5' end of the oligonucleotide. Primers targeting CD3 gene (HCD3OUT 5' and HCD3OUT 3') were also added to quantify the exact number of cells in the initial samples. Gag-LTR sequence were amplified from 15 μL of lysate in a 50 μL reaction mixture comprising 1X Taq Buffer, MgCl2, dNTP, SIV- 38 LF1, SIV-R1 and Taq polymerase. The first round PCR cycle conditions were as follows: a denaturation step of 8 min at 95°C and then 16 cycles of amplification (95°C for 1min, 62°C for 40 sec, 72°C for 1 min), followed by an elongation step at 72°C for 15 min. In a second round of PCR, the lambda T-specific primer (Lambda T) and the LTR primer (SIV-R2), were used to amplified SIV sequences obtained from the first amplification. Primers targeting CD3 were also used in another second round PCR. Nested PCR was performed on 1/10 of the first round PCR product in a mixture comprising 1x Rotor Gene Master mix, Lambda T primer, SIV-R2 primers and SIVprobe. For CD3 amplification, nested PCR was performed in a mixture comprising 1X Rotor Gene Master Mix, HCD3IN 5' and MamuCD3IN 3' and MamuCD3probe. The cycling was performed on the Rotorgene (Qiagen) as follow: a denaturation step (95°C for 4 min), followed by 40 cycles of amplification (95°C for 3 sec, 60°C for 10 sec). The copy number of total SIV DNA was calculated by using a standard curve as a reference. This standard curve consisted in serial dilution of the 3D8 cell lysates (carrying one integrated copy of SIV genome per cell) \[[@ppat.1005412.ref059]\].

Quantitative assessments of SIV-DNA in colorectal tissue at days 50 and 200 on-ART were determined by the quantitative hybrid real-time/digital RT--PCR and PCR assays, as previously described \[[@ppat.1005412.ref060]\]. For each sample, 12 replicate reactions were run with a nominal single copy sensitivity. The clinical sensitivity (based on the number of cells assessed) in our samples was as low as 1 copy/850,000 cells.

Statistical analysis {#sec019}
--------------------

Based on sample distribution (normal or non-normal), T-tests or Mann Whitney tests were used to compare the differences of each parameter between two different groups. Statistical tests were two-sided. Pearson product-moment correlation coefficients were utilized to estimate linear associations for normally distributed data and Spearman rank correlation coefficients were used for skewed and other non-normal distributions. A P value ≤ 0.05 was considered statistically significant. The mean ± SEM were used for descriptive statistics for each parameter. All linear regression and correlation analyses were performed using Prism version (5) software (GraphPad). IL-17 and IL-22 producing cell polyfunctionality was obtained by FlowJo Boolean gating analysis. SPICE software version 5.33 (National Institute of Allergy and Infection Diseases/National Institutes of Health) was utilized to perform Th17 and Th22 ployfunctionality analysis with the Wilcoxon signed rank test. Functional scores were calculated based on the mean numbers of proinflammatory cytokines produced by each Th17, Th22, or Th17/Th22 cell (specifically calculated by multiplying the fraction of cells in each pie slice by the number of cytokines it represented, and then summing together the resulting values and dividing by 100).

Supporting Information {#sec020}
======================

###### Lymph node Th17 and Th22 cell function unchanged throughout ART treatment.

Longitudinal assessment of LN Th17 and Th22 cytokine profiles **(A)** and functional score **(B)** at SIV infection (d. 58 p.i.), early ART treatment (d. 84 p.i.), and late ART treatment (d. 256 p.i.). Both cytokine profiles and functional score remained statistically unchanged during ART. Dotted line marks time of SIV infection and shaded gray box represents time of ART treatment. Averaged data are presented as box and whisker plots, with the median functional score in between the 25% and 75% quartiles.

(TIFF)

###### 

Click here for additional data file.

###### Intestinal Th22 and Th17 cell cytokine profiles change throughout and after ART.

Longitudinal assessment of intestinal Th22 **(A)** and Th17 **(B)** cytokine profiles during chronic SIV infection (d. 58 p.i.), late ART treatment (d. 256 p.i.) and at six months after ART interruption (d. 440 p.i.). Cytokine profiles were generated for each cell population by SPICE program v. 5.33, and were calculated by Flowjo Boolean gating.

(TIFF)

###### 

Click here for additional data file.

###### Blood Th17, Th22 and Th17/Th22 cell function and cytokine profiles remain unchanged after ART interruption.

Comparison of blood Th17, Th22 and Th17/Th22 functional score **(A)** and cytokine profiles **(B)** between pre (d. 256 p.i.) and post-ART interruption (d. 440 p.i.). Both cytokine profiles and functional score remained statistically unchanged before and after ART discontinuation. Shaded gray box represents time of ART treatment. Averaged data are presented as box and whisker plots, with the median functional score in between the 25% and 75% quartiles. Cytokine profiles were generated for each cell population by SPICE program v. 5.33, and were calculated by Flowjo Boolean gating.

(TIFF)

###### 

Click here for additional data file.

###### Intestinal Th22 and Th17/Th22 cell function associates with mid-ART plasma viral loads.

Intestinal Th22 **(A)** and Th17/Th22 **(B)** functional scores at d135 p.i. inversely correlate with plasma viral load levels at the same experimental point (d. 135 p.i.).

(TIFF)

###### 

Click here for additional data file.

###### Intestinal Th22 and Th17/Th22 cell function negatively associates with cell proliferation at d135 p.i.

Intestinal Th22 **(A)** and Th17/Th22 **(B)** functional scores at d135 p.i. negatively correlate with intestinal CD4^+^ T cell proliferation levels (Ki-67^+^).

(TIFF)

###### 

Click here for additional data file.

###### Longitudinal levels of intestinal IL-17^+^IFN-γ^+^ CD4^+^ T cells during SIV infection and ART treatment.

Intestinal IL-17^+^IFN-γ^+^ CD4^+^ T cells are significantly depleted during chronic SIV infection and not fully restored during the 7 months of ART treatment. Dotted line marks time of SIV infection and shaded gray box represents time of ART treatment. Averaged data are presented as means with SD.

(TIFF)

###### 

Click here for additional data file.

###### Intestinal Th17/Th22 and Th17 cell function associates with late-ART levels of sCD163.

Higher functional scores of Th17 cells at d256 p.i. negatively correlated with levels of sCD163 at the same experimental point.

(TIFF)

###### 

Click here for additional data file.

###### Viral rebound profiles after structured ART interruption.

**(A)** Plasma levels of SIVmac239 RNA, expressed as copies/ml and **(B)** peripheral blood SIVmac239 DNA content, expressed as copies/1,000,000 CD4^+^ T-cells, are shown in 8 RMs that underwent structured ART interruption.

(TIFF)

###### 

Click here for additional data file.

###### Th17 and Th22 functional scores associate with mucosal SIV-DNA content independently from pre-ART viral load.

The relationship between intestinal SIV-DNA levels and Th17 and Th22 cell function at d. 256 p.i. was conducted with adjustment for pre-ART (d.58 p.i.) plasma SIVmac239 levels. Adjusted linear regressions models for both subsets were run with the sample size of 8 animals.

(DOCX)

###### 

Click here for additional data file.
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